Mutational rates are known to be variable along the mammalian genome but the extent of this non-random fluctuation and their causes are less well understood. Using 5509 human and mouse orthologous genes with known chromosome positions, it is shown here that there are extreme differences in synonymous evolutionary rates between different human chromosomes when distances are measured using maximumlikelihood techniques. In particular, the average synonymous rate of genes located in human chromosome 19 is extremely high (K s = 1.243 substitutions/site) compared with the average of all genes (K s = 0.729), and significantly different from all other human chromosomes. When genes are sorted according to mouse chromosomes no such large differences are found. Strikingly, almost all genes of human chromosome 19 have very high GC content in humans but not in the mouse orthologs. More generally, correlation analysis shows that genes with very high GC content in humans have experienced the highest synonymous divergencies from the mouse. It is likely that, in such genes, the known relaxation of the isochore structure in rodents has caused an increased accumulation of synonymous substitutions in the mouse lineage, whereas the regions with the highest GC content in the human genome are accordingly maintained by a strong selective pressure.
INTRODUCTION
It has long been known that the mammalian genome is not homogeneous in its GC composition, and that this base heterogeneity or isochore structure is correlated with other important genomic features such as the insertion of repetitive elements and gene density (1) (2) (3) . More recently, it has been shown that mutational rates are also variable along the genome (4-7), pointing to a mosaic model of genomic evolution (8) . The measurement of sequence divergence between different species makes the estimation of mutational rates possible. In this context, large-scale comparison of mouse and human genes can be very useful for learning about the genomic evolution of mammalian genes (9,10) while knowledge of their chromosome positions (11, 12) will allow visualization of the extent of the mutational variation in the genome.
In order to compare orthologous genes of such divergent species, two issues must be addressed. First, around 200 rearrangements exist between human and mouse chromosomes (13, 14) , and thus whole chromosomes are not directly comparable; however, there are still large tracts of orthology with tens to hundreds of genes that have been linked since the rodent-primate split, which can be very useful to understand the variation of evolutionary rates along large segments of the genome. Secondly, the large sequence divergence between these two species makes the estimation of genetic distances by maximumlikelihood techniques necessary, which can take care of multiple substitutions and codon usage bias (15) (16) (17) . Application of these techniques allows the estimation of accurate evolutionary rates of the fastest genes, which might be very important in understanding the mutational dynamics. It is shown here, using a large collection of human and mouse orthologous genes with known chromosome positions that, despite the shuffling which occurred between these two genomes, some human chromosomes are not a random collection of genes with respect to the divergence from the mouse orthologs and that, in particular, genes in chromosome 19 are extremely divergent from the mouse. This effect is not observed when genes are sorted by mouse chromosomes. The possibility is speculated that the different isochore structure that exists in rodents and primates might explain the particularly high evolutionary rates in some tracts of the genome.
MATERIALS AND METHODS
Mouse and human orthologous genes and their respective chromosome locations were taken from the Human-Mouse Homology Map database, Build 25 (http://www.ncbi.nlm.nih.gov/ Homology/), which contained 7195 homology pairs. Gapped alignments of the genes were made by BLASTN 2.1.2 (18, 19) . In order to obtain reliably aligned positions, only the best-hit segment of the BLAST alignment (that generally contained most of the alignment), was extracted, and it was only considered if it was larger than 150 positions. In total, 5509 alignments in 23 human chromosomes (and 20 mouse chromosomes) were used. Only a few genes were available in the Y chromosome and therefore not analyzed. The total number of positions in all genes was 7 614 750 (1382 positions per gene).
The number of substitutions per synonymous (K s ) and non-synonymous (K a ) site (easily convertible to evolutionary rates dividing by the human/mouse divergence time) from the alignments were estimated by maximum-likelihood using a codon-based model of evolution (15) with the Codeml program of the PAML 3.0 package [Z. Yang (2000) Phylogenetic Analysis by Maximum Likelihood (PAML), Version 3.0. University College London, London, UK]. Equilibrium codon frequencies of the model were used as free parameters (CodonFreq = 3). To further avoid false orthologous gene pairs, only alignments where K s < 5 and K a < 0.5 were used. In addition, K a and K s were also estimated by the approximate Nei-Gojobori method (20) implemented in the same PAML package. The GC level was estimated as the G+C proportion at 4-fold degenerate sites (GC4, mostly refer to as GC throughout the paper) of each human or mouse gene. ANOVA, Tukey-Kramer tests and correlation coefficients were calculated using the JMP package (SAS Institute, Cary, NC). The spatial autocorrelation of K s , K a and GC4 was calculated with the Moran's I statistic (21) as in Matassi et al. (5) . To calculate the significance of I, the values of K s , K a and GC4 were randomly permuted 10 000 times (or 1000 times in the pool of all chromosomes) and I recalculated. The significance level is the proportion of times that the value of I after permutation was larger than I for the original data set. Programs for parsing the BLASTN alignments and for calculating GC4, window averages and the Moran's I statistics and its significance were written in Perl.
RESULTS AND DISCUSSION

Visualization of the fluctuation of base composition and evolutionary rates in human chromosomes
Maximum-likelihood estimates of synonymous (K s ) and non-synonymous (K a ) rates, and the GC content of the genes in each species (measured at 4-fold degenerate sites), were calculated for 5509 human and mouse orthologous genes. In order to visualize and to be able to easily compare the extent of the evolutionary rate variation along the genome and in different chromosomes, sliding and overlapping window averages of these measurements were used. Figure 1 shows the corresponding graphs for five representative chromosomes. Due to random fluctuations, the plot of the rates for single genes is very noisy (data not shown) and thus only windows of Figure 1 . Sliding and overlapping window averages of synonymous rates, K s , non-synonymous rates, K a (in substitutions/site), and GC4 (in %) for human (purple squares) and mouse (green circles) genes in five representative human chromosomes. Windows were positioned every 1 Mb and span 5 Mb. Only windows that contained three or more genes were plotted. 5 Mb that contained three or more genes were plotted. The overlap of 1 Mb of such windows allows visualization of the average rates in all areas of the genome, but it should be taken into account that, in this type of plot, only variations that extend over >5 Mb should be considered. With this in mind, it becomes apparent that both K s and K a as well as the GC content in mouse and human genes are very variable along the genome. For example, it is possible to detect some genomic areas with very well conserved genes at the protein level in chromosome 4 (between 33 and 48 Mb) or very large areas with extremely high silent rates (chromosome 19 and particularly its short arm; see below). Thus, the amount of data already available allows visualization of the extent of the variation along the chromosomes and in the whole genome, and confirms that evolutionary rate bands (as well as isochores) constitute an important component of the genome.
Analysis of the variation of base composition and evolutionary rates in human chromosomes
An objective quantification of the mutational variability within each chromosome (intra-chromosomal variability) has been deduced from pools of chromosomes (7), but it is important to analyze individual chromosomes to better understand the differences among them. The extent to which genes with similar rates are clustered within each human chromosome can be efficiently analyzed by means of the Moran spatial autocorrelation statistics (I), which measures if values of a variable are randomly distributed in space or whether similar values tend to occur in proximity (5) . For the present analysis, two genes were defined to be adjacent when they were located within 1 Mb. The I statistics shows that K s and K a are nonrandomly distributed in most human chromosomes, but in several chromosomes there is no spatial autocorrelation for one or another rate (Table 1 ). In addition, the GC content of the human genes shows spatial autocorrelation in almost all chromosomes, even after Bonferroni correction, as expected for the well known heterogeneity of GC content in the genome. Clearly, different chromosomes show very different properties with respect to the spatial autocorrelation of these variables.
When all human chromosomes are pooled for the calculation, the spatial autocorrelation is particularly very high for K s and GC and much smaller, but still highly significant, for K a (Table 1) , in basic agreement with earlier works that studied pools of human and mouse chromosomes (5, 7) . To show that the Moran's I statistic can be a valid and very helpful measurement to analyze the aggregation of genes in the genome with respect to certain variables, the autocorrelation of K s , K a and GC was calculated with different definitions of linkage limits in the pool of all chromosomes (Fig. 2) . When only genes within 250 kb are defined to be adjacent, the I statistics becomes much higher in all three variables, indicating a proper behavior of this statistics. From this point, the spatial autocorrelation decreases greatly for K a , whereas K s and GC retain some spatial structure even with genes separated >20 Mb.
Extreme differences in mutational rates between human chromosomes: synonymous rates of chromosome 19 are significantly different from all other chromosomes
To analyze the inter-chromosomal variability, the means of the maximum-likelihood estimates of K s , K a , as well as the GC content for every human chromosome were calculated (Fig. 3) . While average non-synonymous substitution values are only moderately different among chromosomes (ANOVA: F = 2.73, P < 0.0001), synonymous substitutions show large inter-chromosomal variation (ANOVA: F = 18.91, P < 0.0001). A similarly large interchromosomal variation occurs in the GC content of human chromosomes (ANOVA: F = 21.17, P < 0.0001). The plot of the means of these parameters for each chromosome makes more clear the large inter-chromosomal variations in K s and GC, and the lack of it in K a (Fig. 3) . Most strikingly, the average of the synonymous rates for 344 genes in chromosome 19 is extremely high (1.243 substitutions/site) compared with the average of all genes (K s = 0.729), and statistically different (P < 0.05) from all other individual chromosomes. This dramatic Table 1 . Spatial autocorrelation (I) for K s , K a and GC4 in every individual chromosome and in the genome, and the probability value (P) for every estimate One asterisk indicates that there is significant (P < 0.05) spatial autocorrelation. Two asterisks indicate significance after Bonferroni correction applied to 23 samples (P < 0.002). difference can be visualized in the complete separation of chromosome 19 from all others in the circles representation of the Tukey-Kramer test (Fig. 3E) , and in the constantly high window values of K s for this chromosome (Fig. 1) . Human chromosome 19 is unusual in many other respects such as the high gene density (22) , high expression levels (23), the large amount of duplicate regions in other chromosomes (11) , and the high density of minisatellites (24) . However, non-synonymous mutational rates are completely normal in this chromosome (Fig. 3D) , indicating that false orthologs or erroneous gene identification are not the cause of the high synonymous rates. Moreover, when genes are sorted according to mouse chromosomes, no such big differences in K s are found (Fig. 4) . Additionally, two other short chromosomes, 16 and 22, also have high synonymous rates (K s = 0.873 and 0.930, respectively), but not significantly different from several other chromosomes (seven and three chromosomes, respectively). Therefore, the extreme and significant difference from all other chromosomes is unique for silent rates of genes situated in human chromosome 19.
This analysis shows that inter-chromosomal differences of synonymous rates are much higher than previously thought. In a recent work (7), significant differences between chromosomes were found, but the large divergences for chromosome 19, statistically different from all other human chromosomes, were not detected. The large variations of K s are detected here only with maximum-likelihood but not when distances are measured with approximate methods like the Nei-Gojobori method (data not shown). In the work by Lercher et al. (7), a similar approximate method was used to analyze inter-chromosomal differences in rates, thus explaining that the largest divergences were not detected. Since approximate methods cannot take multiple substitutions and biased codon usage into account, the measurements in the most divergent genes become saturated and the largest distances remain underestimated (15-17).
High differences in GC content between human chromosomes and relationship between GC content and synonymous rates
The data in Figure 3A , largely coincident with previous in situ hybridization analysis (2, 25) , show that chromosomes 16, 19 and 22 maintain the highest density of GC-rich genes in humans, whereas the GC level is much lower in the corresponding mouse orthologous segments (Fig. 3B) . Thus, these human chromosomes contain genes with the highest difference in GC content with respect to rodents, as it can be appreciated in the plot of the difference between them (Fig. 3C ) and in the consistently smaller GC window values for mouse compared with those for human in these chromosomes (see chromosomes 19 and 22 in Fig. 1; chromosome 16 , not shown, has a similar trend). Interestingly, these are also the human chromosomes with the highest synonymous mutations (Fig. 3E) , as explained above. It should be noted that the difference in GC content does not account for the high K s in these chromosomes; for example, in chromosome 19, the difference in GC content between mouse and human is ∼9.5%, corresponding to a difference of 0.095 substitutions/site (Fig. 3C) , whereas the distance between orthologous genes in this chromosome is 1.243 substitutions/site (Fig. 3E ) and the average of the genome is 0.729 substitutions/ site. Thus, the increase in synonymous rates in chromosome 19 is five times bigger than the GC difference at 4-fold degenerate sites.
The tendencies in the GC content and synonymous rates of these three human chromosomes (16, 19 and 22) indicate that there is some kind of correlation between these two variables. Apart from these human chromosomes, there are no other large regions in the present data set with constantly high CG content in the sliding windows to test if this tendency is more general, because many of the other GC-rich isochores are present at telomeric locations (2), for which not many mouse and human orthologs are currently available. However, it seems that this correlation is not a unique feature of these chromosome tracts but it extends to the whole genome. When synonymous rates measured by maximum likelihood from all 5509 genes are compared with the GC content in the human genes (Fig. 5) , it becomes apparent that synonymous rates have a much higher tendency to increase in genes with the highest GC4 content (>70%) than in genes with more moderate GC4 content (<70%). Again, this relationship is not detected when approximate methods are used to calculate evolutionary rates (data not shown). The large amount of data used here clearly indicates that the relationship between GC content and K s is not lineal, which probably explains that correlation analyses carried out over all genes have been contradictory (4, 5, (26) (27) (28) (29) . Thus, the correlation coefficient for the set of genes with >70% GC4 is 0.37 (P < 0.0001) whereas the strength of this correlation is much weaker for the set of genes with <70% GC4, where the correlation coefficient is 0.14 (P < 0.0001).
What are the causes of the high evolutionary rates in human chromosome 19? Possible implication of differences in mammalian isochores
The high evolutionary rates detected in the genes of human chromosome 19 may be an extreme manifestation of the variation of mutational rates (or repairing mechanisms) along both the mouse and human genomes (4-7). We still do not know whether mutational rates have been equal in rodents and primates and whether mutations are equally distributed along the human and mouse lineages (30) . But if mutations occurred homogeneously along both lineages, a large number of mutations in certain chromosomal regions would correspond to the recent human evolutionary history, with all the important implications that this might have for the evolutionary analysis and population history of these genomic regions. This simple explanation, which involves homogeneous mutations along both lineages, cannot be discarded, although the best way to discover whether such extreme differences in mutations have occurred recently in the evolutionary history of these human chromosomal regions will be the comparative analysis of genes with more closely related species, like other primates.
In addition, there is a second possibility to explain the results found for human chromosome 19 and similar regions. It is related to the differences in isochore structures between mouse and human (31) , and involves that mutations have not been equal in the mouse and human lineages. This possibility would also help to better understand the evolution of isochores. The existence of isochores or large fluctuations of base composition in the mammalian genome has long been known, and it has tried to be explained by either neutral mutations (there are regional mutational biases and isochores do not respond to any selective advantage) or natural selection (the isochore structure is beneficial, for example to increase thermal stability of DNA and RNA in GC-rich isochores of warm-blooded vertebrates) (2, 32) . Previous analysis of isochores led to some contradictory results and interpretations (32) . However, the different isochore structure in mouse and human (31) allows an important prediction to be made with respect to both evolutionary rates and isochores. The isochore structure in rodents is much less heterogeneous than in all other mammals, i.e. high GC regions and low GC regions have less extreme values in rodents. In addition, maximumlikelihood estimation of ancestral GC content showed that the ancestral mammalian state was human-like, i.e. with large fluctuations in the isochore structure, and therefore that the rodent lineage experienced a homogenization of its isochores (33) . If the isochore structure is maintained in mammals by negative selection, relaxation of this force in rodents would cause the largest homogenization in the ancestral regions with highest GC content. And, more importantly, the extremely biased base composition, high frequency of the hypermutable CpG dinucleotides and, in summary, a changed mode of evolution in these regions, would cause an accumulation of mutations in the mouse lineage that are no longer eliminated by the selective force which preserved the compositional bias. Other shifts in evolutionary modes have also been shown to lead to an increase in the mutational rates (34) .
In complete agreement with the predictions that can be made by the selection hypothesis of isochore structure, the chromosomes with highest GC content in humans, and therefore those that experienced the highest homogenization in rodents (chromosomes 16, 19 and 22) , are also the chromosomes with the highest accumulation of synonymous rates (Fig. 3) . Considering the tentative estimation made about the nature of the ancestral mammalian genome (33) , it seems that the main genomic changes happened in the mouse lineage, and therefore the increase of mutations in these divergent genes would have occurred mainly in this lineage (where probably some other mechanism accounts for the lack of isochores). On the contrary, the same orthologous genes in humans have very high GC content and are not homogenized by mutations: therefore, the large regions containing these genes must be preserved for some important selective advantage. In other Figure 5 . Correlation of GC4 in human genes and synonymous substitutions, K s . Since the relationship of these variables is clearly non-lineal, the 95% bivariate normal ellipse is shown for genes above and below 70% GC content. For genes with <70% GC, the correlation coefficient is 0.14 and for genes >70% this coefficient is 0.37. The correlation is highly significant (P < 0.0001) in both groups of genes.
words, a selective pressure would explain the high GC content in some large tracts of the human genome like chromosome 19, whereas the loss of such pressure in rodents, together with the change in mode of evolution, would explain a high number of substitutions in the same orthologous genes (located in diverse chromosomes and regions) of the rodent lineage. It has previously been argued, also under the selection hypothesis of isochore structure, that overall high mutation rates in rodents provide the explanation for the isochore homogenization that occurred in them (3, 33) . However, the fact that high rates are not homogeneously distributed but spatially aggregated in the genome (and correlated with high GC content in humans) indicates that these high rates might rather be the consequence of the isochore homogenization in rodents.
Without the action of selection, it would be difficult to explain the extremely high distance to mouse that occurs particularly in the regions of the human genome that have the strongest compositional bias. This selective pressure most surely affects at least the isochores with the highest GC content, like those in chromosome 19 or those containing genes with >70% GC, but it cannot be excluded that fluctuations of GC content at smaller scales may have other neutralist explanations. In addition, the selective advantage or function of the isochores is still unknown. Largescale comparisons of more closely related species like human with chimpanzee and mouse with rat will tell us if the mutational rate in particular chromosome regions has been unequal or not in the rodent and primate lineages, and will give us further clues about the function of isochores. Thus, further work in other mammals should be carried out in order to better understand these important aspects of mammalian genomic evolution.
